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1408Objective:We investigated whether the degree of vulnerability of different areas in the developing brain varies
according to the specific mechanism of the insults caused by cardiopulmonary bypass.
Methods: A meta-analysis of 2 experimental studies (n ¼ 80) was conducted. The end points of the otherwise
identical studies were tissue oxygen index in the first experiment, whereas cerebral microvessel vasoconstriction
and inflammatory response of endothelial cells were directly visualized in the second study. We assigned ultra–
low flow bypass at 25 C for 60 minutes as control; circulatory arrest at 25 C for 60 minutes as ischemic stress
under circulatory arrest (ischemia–CA); and ultra–low flow bypass at 34 C for 60 minutes as the stress under
ultra–low flow bypass (ischemia–ULF). Histologic neuronal damage was the primary outcome. Secondary mea-
sures included neurologic recovery.
Results: Vasoconstriction after ischemia and inflammation after bypass were independent predictors of severe
histologic damage. The caudate nucleus was significantly vulnerable to ischemia–CA and was significantly influ-
enced by vasoconstriction. In contrast, the hippocampus was significantly vulnerable to ischemia–ULF. The dif-
ferent forms of ischemic insults did not influence Purkinje cells, whereas Purkinje damage significantly correlated
with inflammation. Tissue oxygen index had the ability to differentiate accurately regional damage. Neurologic
recovery under ischemia–CA was significantly worse compared with ischemia–ULF. Neurologic recovery cor-
related with neuronal damage in the caudate nucleus, but it did not correlate with damage in the hippocampus.
Conclusions:Neuronal vulnerability in different areas of the developing brain varies according to mechanisms of
bypass-induced ischemic stress. Certain regional damage may not be apparent in assessing acute neurologic
recovery. (J Thorac Cardiovasc Surg 2010;140:1408-15)Supplemental material is available online.
With more children surviving ever more complicated pediat-
ric cardiac surgery, greater attention has been directed to the
quality of life of survivors. One of the most important con-
cerns is impaired neurologic development.1 The time course
of brain development varies according to specific brain areas
and types of cells.2 Although neurogenesis occurs mainly in
utero, it also continues after birth, particularly in the hippo-
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The Journal of Thoracic and Cardiovascular Surformation as well as development of glial cells proceed after
birth with differences between regions.4 Furthermore, the
expression of glutamate receptors such asN-methyl-D-aspar-
tate receptors, which are of primary importance in excitatory
neurotransmission and excitotoxic brain injury, also varies
between brain regions and stage of development.5 There-
fore, the response to ischemic stress may vary between
regions and according to stage of development.
Brain energy metabolism during cardiopulmonary bypass
(CPB) can be managed by control of temperature, flow rate,
pH management, or hematocrit level.6,7 Oxygen
consumption can be reduced by hypothermia or use of the
pH-stat strategy, and oxygen supply can be reduced through
manipulation of flow rate, pH, and hematocrit level.6,7 A
mismatch of oxygen consumption and oxygen supply
results in a patient being placed at risk of ischemic brain
injury. During CPB, children with congenital heart
anomalies have an important risk of ischemic brain injury
induced by energy mismatch; for example, cerebral
ischemia can result from aortopulmonary collateral vessels
that steal blood from the systemic to the pulmonary
circulation. In addition to the variety of neural responses to
ischemic stress, bypass-induced ischemic stress also varies
according to many factors related to oxygen consumption
and supply. The simultaneous complexity prevents us fromgery c December 2010
Abbreviations and Acronyms
ANOVA ¼ analysis of variance
CPB ¼ cardiopulmonary bypass
FCD ¼ functional capillary density
NDS ¼ neuronal deficit score
OPC ¼ overall performance category
POD ¼ postoperative day
TOI ¼ tissue oxygen index
Ishibashi et al Evolving Technology/Basic Scienceunderstanding the cellular level response of each area and
type of cells under bypass environments. To investigate the
neural response in various developing brain areas to various
bypass-induced ischemic stress insults, we conducted
a meta-analysis. Hence, the purposes of this study were (1)
to understand how selective neuronal vulnerability in each
area varies with different bypass stress, (2) to investigate
the relation between regional neuronal damage and the cere-
bral microcirculation, (3) to assess accuracy of intraoperative
monitoring in predicting different damage, and (4) to deter-
mine the correlation of acute neurologic recovery with re-
gional histologic damage.E
T
/B
SMETHODS
Animals
We conducted a meta-analysis of 2 experimental studies. The 2 studies
were performed using animals of the same age and size and same bypass set-
tings. In the first study, tissue oxygen index (TOI) was measured by near-
infrared spectroscopy.8 In the second study, cerebral microcirculation was
directly visualized by intravital microscopy.9 Eight animals in which vaso-
constriction and inflammatory response were successfully measured were
added in the second study for the meta-analysis (n ¼ 32). Of 54 animals
in the first study, 48 animals that had the brain successfully fixed on post-
operative day (POD) 4 were enrolled for the meta-analysis.8 A total of 80
Yorkshire piglets (aged 26.0  3.0 days; weight 10.1  1.4 kg) were en-
rolled for the meta-analysis (Figure E1).
Our previous laboratory studies demonstrated that ultra–low flow bypass
(10 mL $ kg1 $ min1) at 25 C for 60 minutes protects against histologic
neuronal damage and places an individual in the safe zone with respect to
ischemic injury during CPB7; in contrast circulatory arrest at 25 C and ul-
tra–low flow at 34 C reliably cause histologic damage but secondary to dif-
ferent forms of ischemic stress.6,7 On the basis of these previous results from
our studies with this model, we assigned ultra–low flow bypass at 25 C for
60 minutes as control (control group), circulatory arrest at 25 C for 60
minutes as ischemic stress under circulatory arrest (ischemia–CA), and
ultra–low flow bypass at 34 C for 60 minutes as ischemic stress under
ultra–low flow bypass (ischemia–ULF).
All animals received humane care in accordance with the ‘‘Principles of
Laboratory Animal Care’’ formulated by the National Society for Medical
Research and the ‘‘Guide for the Care and Use of Laboratory Animals,’’
Two studies were approved by the Institutional Animal Care and Use Com-
mittee of the Children’s National Medical Center.
Surgery and CPB
The 2 studies were performed using the same surgical methods and the
same bypass strategy (Figure E1). The preparation and details of the
methods have been described previously.8,9 All animals in the 2 studiesThe Journal of Thoracic and Carwere randomly infused with 1 of 4 doses of aprotinin (Trasylol; Bayer,
West Haven, Conn): no aprotinin, low dose, standard full dose, and
double full dose.8,9
Cerebral Microcirculation
A cranial window was created over the parietal cerebral cortex allowing
direct visualization of the surface cerebral microvessels.
Microvessel vasoconstriction. The plasma was labeled with fluo-
rescein–isothiocyanate–dextran 5% before each measurement. This al-
lowed the assessment of functional capillary density (FCD), defined as
total length of erythrocyte-perfused capillaries per observation area. Re-
duced endothelial function resulting from ischemic insults can be measured
as reduced FCD secondary to vasoconstriction or ‘‘no-reflow.’’
Inflammatory response of endothelial cells. Postcapillary
venules, 20- to 40-mmdiameter, were observed for assessment of circulating
leukocytes, which were labeled with 0.05 mL/kg of rhodamine-6G 0.2%.
Adherent leukocytes were defined as leukocytes that attached to the endo-
thelium and did not detach within a 30-second observation period. The num-
ber of adherent leukocytes was expressed per area over a 100-mm length and
30-mm diameter. Leukocyte adhesion is an indication of inflammatory re-
sponse of the endothelial cells.10 Intravital fluorescence microscopy was
performed until 3 hours after weaning from CPB (Figure E1). The details
of the preparation and methods have been described previously.7,9,11
TOI
For assessment of brain tissue oxygenation during surgery, TOI was re-
corded using a near-infrared spectroscopy device (NIRO-300; Hamamatsu
Photonics KK, Hamamatsu City, Japan) every 10 seconds after the induc-
tion of anesthesia and for 3 hours after weaning from CPB (Figure E1).6,8
Histologic Analysis
The brain was harvested on POD 4 (Figure E1). Histologic damage was
scored using the following criteria: 5¼ all neurons necrotic; 4¼ significant
damage to neurons; 3¼ large clusters of injured neurons; 2¼ small clusters
of damaged neurons; 1 ¼ isolated neuronal damage; 0 ¼ normal. A single
neuropathologist (H. G. W. L.) examined all specimens in a blinded fash-
ion.6-9,11
Neurologic Recovery
Postoperative neurologic recovery was assessed on POD 1 and at
24-hour intervals up to POD 4 (Figure E1). Neurologic scoring data are
adapted from the neuronal deficit score (NDS) and overall performance
category (OPC) scale developed at the University of Pittsburgh and used ex-
tensively in our laboratory for pigs.6-9,11 In the modified NDS system,
a score of 100 is assigned to each of 4 general components. A total score
of 400 indicates brain death whereas a score of 0 is considered normal.
The OPC score assesses outcome in 5 categories; 1 ¼ normal,
2 ¼ moderate disability, 3 ¼ severe disability, 4 ¼ coma, 5 ¼ brain
death. The scores are assessed in a blinded fasion.8,9Statistical Analysis
Continuous variables are expressed as mean  standard deviation. The
Kolmogorov–Smirnov test of normality indicated that mean arterial pres-
sure, esophageal temperature, arterial oxygen and carbon dioxide tension,
pH, hematocrit, and NDS followed a normal (Gaussian-shaped) distribu-
tion. Unpaired t tests were used to compare FCD, adherent leukocyte num-
bers, and TOI between severities of histologic brain injury at a fixed time
point. Physiologic variables were compared among the 3 experimental con-
ditions by using 1-way analysis of variance (ANOVA) with F tests. To as-
sess effects of aprotinin, we used the c2 test for comparing doses between
experimental conditions, andwe used the 2-wayANOVA to analyze the his-
tologic damage scores to determine whether these scores were related todiovascular Surgery c Volume 140, Number 6 1409
FIGURE 1. Overall histologic damage and neurologic recovery. A, Ischemia–ULF and ischemia–CA induce the same level of histologic damage. B, Neu-
rologic recovery measured by neurologic deficit score is significantly worse in ischemia–CA compared with ischemia–ULF. Data are shown as standard error
of the mean. Two ischemia groups are compared by ANOVA with Bonferroni comparison. *P< .01 vs control by ANOVA with Bonferroni comparison.
ULF, Ultra–low flow bypass; CA, circulatory arrest; ANOVA, analysis of variance.
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ANOVA were used to evaluate changes over time and to compare rates
of change between the groups. One-way ANOVAwith Bonferroni compar-
isons was used to detect differences in histologic damage, NDS, and OPC
between experimental conditions.12 The Pearson correlation coefficient (r)
was used as a measure of linear association between TOI, NDS, OPC,
and histologic damage. The odds ratio and corresponding 95% confidence
intervals for each statistically significant variable were calculated on the ba-
sis of the estimated coefficients obtained from the logistic model. In addi-
tion, FCD, adherent leukocyte numbers, and TOI were tested as possible
biomarkers of neuronal damage using at least 1 point for frontal and parietal
cortex, hippocampus, and caudate nucleus and more than 1 point for Pur-
kinje cells using receiver operating characteristic curve analysis to identify
optimal cutoff values and area under the curve to measure predictive accu-
racy of FCD and adherent leukocyte numbers and TOI in differentiating
presence or absence of damage.13 For significant area under the curve
values, logistic regression was applied to model the probability of damage
based on TOI and FCD after 5 minutes of rewarming andmean adherent leu-
kocyte numbers in the postbypass period. Statistical analysis was performed
using SAS software (version 9.2; SAS Institute, Inc, Cary, NC), and 95%
confidence intervals were constructed, where appropriate, to provide an
estimate of precision.RESULTS
Experimental Conditions
There were no differences among the 3 groups in experi-
mental conditions (Table E1). Each animal was given 1 of 4
doses of aprotinin. Among the groups there was no differ-
ence of the aprotinin dose (Table E1), and aprotinin did
not influence histologic score (F ¼ .70, P ¼ .53).Overall Histologic Damage
There were significant differences in total histologic
damage score among groups relative to control, but ische-
mia–ULF and ischemia–CA induced the same level of histo-
logic damage (Figure 1, A).1410 The Journal of Thoracic and Cardiovascular SurTo investigate the relation between the cerebral microcir-
culation and overall histologic damage, we dichotomized
moderate injury and severe injury at a total score 5. There
were significant differences in FCD at 5 minutes after re-
warming (Figure 2, A) and in the number of adherent leuko-
cytes after CPB (Figure 2, B). During the early postischemic
period, animals with severe injury had significantly reduced
FCD compared with moderate injury (F ¼ 12.9, P< .001),
whereas the number of adherent leukocytes was not different
between injury groups (F ¼ 0.04, P ¼ .84). The number of
adherent leukocytes in animals with moderate injury was
significantly decreased during the postbypass period; on
the other hand, the number in animals with severe injury
was not changed (Figure 2, B). The change in adherent leu-
kocyte numbers during the postbypass period was signifi-
cantly different between moderate injury and severe injury
(F ¼ 15.1, P< .001). By multivariate logistic regression,
FCD at 5 minutes after rewarming was the most significant
predictor of severe injury (P< .05), whereas the number of
adherent leukocytes after bypass also influenced the degree
of injury (P ¼ .06). Taken together, vasoconstriction in the
early postischemic period and inflammation after bypass
were independent predictors of severe histologic damage.
Among animals undergoing intraoperative monitoring
with near-infrared spectroscopy, there were significant dif-
ferences in TOI in the ischemic phase and early postischemic
phase between animals with moderate injury and severe in-
jury (Figure 2, C). Animals with severe injury had a signifi-
cantly reduced TOI during the ischemic period (F ¼ 247.7,
P < .0001) and early postischemic period (F ¼ 19.1,
P< .0001) compared with animals with moderate injury
but not during the late postbypass period (F ¼ 0.06,
P ¼ 0.81). By multivariate logistic regression, TOIgery c December 2010
FIGURE 2. Biomarker of severe histologic damage. A, Animals with severe injury have significantly reduced recovery of functional capillary density in the
early postischemic phase. B, The number of adherent leukocytes in animals with moderate injury is decreased after CPB; on the other hand, the number in
animals with severe injury is not changed. C, Reduced tissue oxygen index during the ischemic phase and early postischemic phase is a significant predictor of
severe injury. D, Tissue oxygen index during rewarming is significantly associated with total histologic score. RW, Rewarming; CPB, cardiopulmonary by-
pass; CA/LF, circulatory arrest or ultra–low flow bypass; *P< .05; **P< .01; ***P< .001 by unpaired Student t test.
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tor among intraoperative monitoring modalities (P< .01).
Furthermore, the index was significantly correlated with to-
tal histologic score (Figure 2, D).
Regional Neuron Damage
Among 21 brain areas assessed, histologic damage was
found to be most prominent in the cerebral cortex, caudate
nucleus, hippocampus, and among Purkinje cells, whereas
the amygdala, central white matter, anterior commissure,
substantia nigra, pons, medulla, and cerebellar structures
other than Purkinje cells had no histologic damage (Table
E2). The 5 vulnerable areas had significant differences in
histologic damage among the 3 bypass settings (Figure 3:
frontal cortex, P¼ .01; parietal cortex, P¼ .001; caudate nu-
cleus, P< .0001; hippocampus, P< .0001; Purkinje cells,
P<.0001). The vulnerability of frontal and parietal cerebral
cortex and Purkinje cells was not different between ische-The Journal of Thoracic and Carmia–ULF and ischemia–CA (Figure 3, C and L), whereas
the caudate nucleus was significantly vulnerable to ische-
mia–CA compared with ischemia–ULF (Figure 3, F). In
contrast, the hippocampus was significantly vulnerable to is-
chemia–ULF compared with ischemia–CA (Figure 3, I).
Regarding the relation between regional neuronal damage
and impaired cerebral microcirculation, lower recovery of
FCD after ischemia FCD demonstrated a significant positive
relationship with damage to the caudate nucleus (Figure 4,
A). With FCD less than 75% at 5 minutes after rewarming,
14 of the 15 animals with neuronal damage were correctly
classified with 93% sensitivity (Table E3). On the other
hand, the damage in Purkinje cells and parietal cortex was
positively correlated with inflammation after bypass as-
sessed by adherent leukocyte numbers (Figure 4, B, and
Table E4). Histologic score of Purkinje cells was signifi-
cantly higher than that of other regions (P< .05). TOI at 5
minutes after rewarming was the most powerfuldiovascular Surgery c Volume 140, Number 6 1411
FIGURE 3. Regional neuronal damage. A-B, Cerebral cortex; all neurons necrotic (original magnifications: A, 203; B, 603). C, Cerebral cortical neuronal
injury is not different between 2 ischemia groups. D, Majority of caudate nucleus neurons ischemic (original magnification 203). E, All caudate nucleus
neurons ischemic (original magnification 603). F, The caudate nucleus is vulnerable to ischemia–CA compared with ischemia–ULF. G-H, All hippocampus
pyramidal cells ischemic (original magnifications: A, 203; B, 603). I, Hippocampus is vulnerable to ischemia–ULF compared with ischemia–CA. J-K, Ma-
jority of cerebellar Purkinje cells ischemic (original magnifications: A, 203; B, 603). L, Purkinje cell damage is not different between 2 ischemia groups.
Data are shown as standard error of the mean. Two ischemia groups are compared by ANOVA with Bonferroni comparison. *P< .01 versus control by
ANOVA with Bonferroni comparison.
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the ability to accurately differentiate regional damage among
all different areas (Figure 4, C). Using a median TOI at 5
minutes after rewarming of 64% based on all animals, the
sensitivity was 88% for frontal cortex, 100% for parietal
cortex, 86% for hippocampus, 100% for caudate nucleus,
and 86% for Purkinje cells (Table E5).Neurologic Recovery
Neuologic recovery assessed by NDS and OPC was sig-
nificantly different among the 3 bypass settings at all time
points (P < .01). Neurologic recovery in ischemia–CA
was significantly worse compared with ischemia–ULF, al-
though there was no significant discrepancy in total histo-
logic damage between the 2 ischemia groups (Figure 1, B).
Total NDS and OPC significantly correlated with neuronal
damage in the caudate nucleus, but did not correlate with1412 The Journal of Thoracic and Cardiovascular Surdamage in the hippocampus (Table 1). Similarly, NDS and
OPC on POD 1 correlated with histologic damage in the cau-
date nucleus (P< .0001) but not with damage in the hippo-
campus. The histologic damage in Purkinje cells tended to
influence both NDS and OPC (Table 1).DISCUSSION
Vasoconstriction and Inflammation Are Independent
Predictors of Severe Neuronal Damage
Mechanisms of insults to the developing brain caused by
CPB include the generalized systemic inflammatory re-
sponse caused by blood exposure to nonendothelial sur-
faces, as well as ischemia–reperfusion and reoxygenation
injury. Our analysis demonstrates that vasoconstriction after
ischemia, as well as inflammation after bypass, are indepen-
dent predictors of severe neuronal damage. Our previous
studies have demonstrated that the use of the pH-stat strategygery c December 2010
FIGURE 4. Biomarkers of regional neuronal damage. A, Functional cap-
illary density at 5 minutes after rewarming demonstrated a significant pos-
itive relationship with damage to the caudate nucleus (P< .01) by logistic
regression. This was consistent with area under the receiver operating char-
acteristic curve (area under the curve¼ 0.831). The curve shows a decreas-
ing probability of damage (defined by at least 1 point on histology) with
higher values after rewarming. Theoretical curve and 95% confidence inter-
vals were determined by logistic regression modeling (n ¼ 32). B, Postby-
pass number of adherent leukocytes was positively correlated with damage
to parietal cortex (at least 1 point) and Purkinje cells (at least 2 points) on
Ishibashi et al Evolving Technology/Basic Science
The Journal of Thoracic and Carand high hematocrit value can protect against vasoconstric-
tion after deep hypothermic circulatory arrest and reduce the
risk of neuronal damage as determined by histologic exam-
ination.6 In addition, inflammation during low-flow bypass
can be reduced by hypothermia or administration of a serine
protease inhibitor such as aprotinin.7,11 The results of the
current study are consistent with the previous studies and
again confirm the importance of reduction of
vasoconstriction and inflammation for brain protection.
The results also suggest that the inflammatory response
after CPB plays an important role in neuronal damage.
Current strategies to reduce the systemic inflammatory
syndrome during and after bypass, including hypothermia,
continuous steroid infusion, and inhalation of nitric oxide,
may all reduce the risk of brain injury.E
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Depends on the Mechanism of Ischemic Stress
Previous studies have suggested that the hippocampus,
Purkinje cells, striatum, cerebral cortex, and caudate nucleus
are all vulnerable to CPB-induced ischemic injury in the de-
veloping brain.6,7,14 Vulnerable regions identified in the
current study are consistent with previous reports. In
addition, the present study investigates the effects of
different forms of ischemic stress resulting from different
bypass strategies as well as the relative role of 2 major
mechanisms of brain injury, that is, vasoconstriction and
inflammation, in different neuronal areas.
The results of the current study demonstrate that regional
neuronal injury varies according to different bypass stress
and with different mechanisms. The caudate nucleus was
vulnerable to ischemic stress under circulatory arrest and
was significantly influenced by vasoconstriction after ische-
mia. This finding is no doubt secondary to vascular anatomic
factors because the caudate nucleus is deeply situated in the
cerebrum and most distant from penetrating vessels. A phys-
iologic correlate of these vascular anatomic factors is the ex-
tremely low measured blood flow to the area in the human
premature newborn.15 The remarkably low values measured
in this area are approximately 25% of those in cortical gray
matter,16 suggesting that there is a minimal margin of safety
for blood flow to the area. Delayed recovery fromhistology. Curves for parietal cortex (P < .05) and Purkinje cells
(P< .01) were determined using logistic regression (n ¼ 32). Receiver op-
erating characteristic analysis revealed an excellent discrimination of leuko-
cytes in predicting Purkinje cell damage based on area under the curve (area
under the curve¼ 0.864). C, Lower tissue oxygen index values at 5 minutes
after rewarming were found to be predictive of greater neuronal damage in
each region (all P< .01). Probability of damage for each region is repre-
sented by curves derived from logistic regression analysis. Damage was de-
fined as at least 1 point for each region, except for Purkinje cells (n ¼ 48),
where damage was defined as 2 or more points.
:
diovascular Surgery c Volume 140, Number 6 1413
TABLE 1. Neurologic recovery and regional neuron damage (n ¼ 80)
Total NDS Total OPC
Area r P value r P value
Hippocampus .03 .80 .07 .52
Cerebral cortex .26 .02 .26 .02
Purkinje cells .32 <.01 .31 <.001
Caudate nucleus .60 <.0001 .63 <.0001
Pearson correlation coefficient. NDS, Neurologic deficit score; OPC, overall perfor-
mance category.
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vere consequence of ischemic stress. Perhaps low-flow by-
pass is particularly protective for the caudate nucleus
through maintenance of blood flow to the area and contrib-
uting to more rapid recovery from vasoconstriction.
In contrast to the caudate nucleus, the hippocampus was
vulnerable to ischemic stress under low-flow bypass. The is-
chemia under low-flow bypass was a consequence of in-
creased oxygen consumption secondary to raising the
temperature from 25 C to 34 C compared with the control
group. A previous report has suggested that reduced hippo-
campal damage after low-flow bypass was associated with
higher blood glucose levels.14 Perhaps the hippocampus is
peculiarly vulnerable to a mismatch of metabolic rate and
substrate uptake.
Unlike the caudate nucleus and hippocampus, different
forms of energy stress did not influence Purkinje cell dam-
age because nearly 90% of animals had histologic damage
to Purkinje cells, including the control group. Damage to
Purkinje cells correlated closely with inflammation after by-
pass. Purkinje cells are particularly sensitive to global brain
ischemia.17 For example, in a rat model of cardiac arrest and
resuscitation, over 60% of Purkinje cells were lost in the
week after a 10-minute arrest.18 The excitatory input from
both climbing and mossy fibers and the high density of
calcium channels are thought to render Purkinje cells vulner-
able to excitotoxic death.19 However, more specific study
is necessary to understand the cause of injury of Purkinje
cells that were affected by inflammation more than vasocon-
striction.
A substantial body of literature suggests that a major path-
ogenetic determinant for regional selectivity is the regional
distribution of excitatory amino acids and amino acid neuro-
receptors, regional circulatory factors, and regional meta-
bolic factors.20 However, the relevance of these different
mechanisms under bypass conditions is not well understood.
To reduce the risk of CPB for the developing brain and to
allow development of adjunctive protection, it is highly im-
portant to investigate cellular and molecular level events un-
der bypass conditions. Establishing a bypass environment in
vitro would be helpful to our understanding of selective vul-
nerability of neurons and glial cells in the developing brain
in response to various bypass insults.1414 The Journal of Thoracic and Cardiovascular SurSpecific Forms of Brain Dysfunction May Not Be
Apparent in Acute Neurologic Recovery after CPB
This study demonstrates that acute neurologic recovery
correlates with histologic damage in the caudate nucleus,
but not with damage in the hippocampus. This result should
not be surprising because the caudate nucleus plays an im-
portant role in higher motor control. Motor dysfunction is
readily apparent not only in laboratory studies but also in
the clinical situation. On the other hand, injury of hippocam-
pal neurons, which are critical to memory, spatial cognition,
or psychiatric disorders, may not be apparent in assessing
acute neurologic recovery. In other words, bypass-induced
hippocampal damage may appear as a deficit of long-term
brain function such as reduced memory function or as a psy-
chiatric disorder. Therefore, we must consider the effects of
CPB on long-term brain function and should not rely solely
on neurologic assessment of acute recovery or midterm dys-
function.
There is accumulating evidence that patients with congen-
ital heart disease requiring surgical correction or palliation
early in life are at high risk of developmental delay including
academic achievement, memory index, attention, or lan-
guage outcome.21,22 However, the direct impact of CPB
on long-term neurodevelopmental status is still controver-
sial. Recent neuroscience investigations have demonstrated
that postnatal neurogenesis as well as gliogenesis and mye-
lin formation play an important role in long-term neurodeve-
lopmental status.23,24 In addition, recent postnatal stem cell
research shows that dividing neural stem cells and their
transit-amplifying progenitors are tightly apposed to blood
vessels during both homeostasis and regeneration, and
they contact the vasculature at sites that lack the blood–brain
barrier,25 suggesting that neural stem cell function may be
strongly influenced by bypass-induced inflammation or is-
chemia–reperfusion injury. Therefore, to understand the in-
fluence of neonatal and infant cardiac surgery on long-term
brain function, we must investigate the effects of CPB on
postnatal neurogenesis and gliogenesis originating from
neural stem cells.CONCLUSIONS
This study indicates that vasoconstriction and inflamma-
tion are independently associated with severe neuronal dam-
age. Neuronal vulnerability in each developing brain area
varies according to mechanisms of bypass-related stress.
In addition, present results suggest that certain brain damage
may not be apparent in assessing acute neurologic recovery
after CPB. To understand the influence of CPB on long-term
brain function, we must investigate the effects on postnatal
neurogenesis and gliogenesis. Establishing a bypass envi-
ronment in vitro would help to elucidate selective vulnera-
bility of neurons and glial cells in developing brain to
various bypass insults. Advances in our understanding ofgery c December 2010
Ishibashi et al Evolving Technology/Basic Sciencethese areas should lead to improved brain development of
patients with congenital heart disease.
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FIGURE E1. Study protocol. The pH-stat strategy was used and 30% he-
matocrit level was maintained in all animals during CPB. After normother-
mic full-flow bypass, animals underwent 40 minutes of cooling to
a temperature of 25C or 34C according to the protocol. After cooling, cir-
culatory arrest or ultra–low flow perfusion was initiated for 60 minutes. An-
imals were warmed to 37C over 40 minutes of rewarming with a flow rate
of 100 mL $ kg1 $ min1. TOI was recorded using NIRS every 10 seconds
after the induction of anesthesia and for 3 hours after weaning from CPB.
IVM was performed at baseline; at 10 minutes of normothermic CPB; at
20 and 40 minutes of cooling; at every 15 minutes during circulatory arrest
or ultra–low flow period; 5, 15, 30, and 40 minutes of rewarming; and at 30,
60, 120, and 180 minutes after weaning from CPB. CPB, Cardiopulmonary
bypass; NT, normothermia; CA/LF, circulatory arrest or ultra–low flow by-
pass; RW, rewarming;NIRS, near-infrared spectroscopy; IVM, intravital mi-
croscopy; NDS, neuronal deficit score; OPC, overall performance category;
TOI, tissue oxygen index.
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Table E1. Experimental conditions
Control (n ¼ 26) Ischemia–ULF (n ¼ 26) Ischemia–CA (n ¼ 28) F test P value
Temperature
Pre 36.0  0.8 36.0  0.5 35.9  1.0 0.24 .79
End of CPB 36.8  0.9 37.2  0.4 37.0  0.6 1.45 .24
3 h CPB 36.7  0.6 36.9  0.5 36.6  0.7 1.75 .18
12 h CPB 37.3  0.5 37.2  0.5 37.3  0.5 0.26 .77
pH
Pre 7.51  0.07 7.52  0.04 7.52  0.03 0.51 .60
End of CPB 7.51  0.08 7.48  0.08 7.47  0.10 1.59 .21
3 h CPB 7.56  0.07 7.56  0.04 7.55  0.07 0.11 .89
12 h CPB 7.51  0.07 7.52  0.06 7.52  0.07 0.01 .99
PaO2 (mm Hg)
Pre 74.0  13.6 71.0  14.7 73.4  11.3 0.36 .70
End of CPB 514.4  62.3 521.4  65.7 519.5  62.4 0.08 .92
3 h CPB 314.0  94.7 317.8  78.0 318.2  89.2 0.02 .98
12 h CPB 72.1  16.5 76.6  13.8 75.6  16.0 0.60 .55
PaCO2 (mm Hg)
Pre 39.7  3.7 39.6  3.1 39.9  2.2 0.04 .96
End of CPB 39.8  6.9 39.8  7.3 40.1  8.6 0.01 .99
3 h CPB 35.5  6.3 35.9  4.3 34.2  5.5 1.01 .35
12 h CPB 38.5  5.4 37.8  5.4 39.1  5.6 0.39 .68
Hematocrit (%)
Pre 29.2  3.1 29.6  1.9 29.2  2.6 0.16 .85
End of CPB 29.9  1.9 29.3  1.8 29.5  1.7 0.70 .50
3 h CPB 28.7  3.1 28.1  2.7 28.3  2.0 0.37 .69
12 h CPB 28.7  3.0 28.4  3.4 28.3  3.3 0.14 .87
MAP (mm Hg)
Pre 69.6  15.0 73.8  13.4 74.7  11.6 1.10 .34
End of CPB 88.2  14.0 88.4  17.7 90.4  13.8 0.18 .84
3 h CPB 81.3  12.9 80.9  12.0 87.4  13.0 2.30 .11
12 h CPB 89.0  15.0 90.0  12.6 90.9  14.0 0.14 .87
AP dose (n)
No AP 7 6 9 .98
Low 6 8 6
Full 6 6 7
Double Full 7 6 6
ANOVA with F test and c2 test. ULF, Ultra–low flow bypass; CA, circulatory arrest; CPB, cardiopulmonary bypass; PaO2, arterial oxygen tension; PaCO2, arterial carbon dioxide
tension; MAP, mean arterial pressure; AP, aprotinin.
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Table E2. Regional neuron damage (n ¼ 80)
Area n (%)
Cerebral cortex
Frontal cortex 22 (28)
Parietal cortex 22 (28)
Occipital cortex 18 (19)
Temporal cortex 6 (8)
Basal ganglia
Caudate nucleus 32 (40)
Putamen 14 (18)
Limbic structure
Hippocampus 26 (33)
Dendate gyrus 7 (9)
Amygdala 0 (0)
Central white matter 0 (0)
Anterior commissure 0 (0)
Corpus callosum 1 (1)
Thalamus 6 (8)
Midbrain 2 (3)
Substania nigra 0 (0)
Pons 0 (0)
Medulla 0 (0)
Cerebellum
Deep nucleus 0 (0)
Granule cells 0 (0)
Purkinje cells 71 (89)
[score>1] [36 (45)]
Anterior horn cells 0 (0)
Table E3. FCD after 5 hours of rewarming as biomarker of regional
damage (n ¼ 32)
Region AUC 95% CI P value
Frontal cortex 0.741 0.489–0 .992 .092
Parietal cortex 0.651 0.459–0.943 .207
Hippocampus 0.547 0.335–0.758 .108
Caudate nucleus 0.831 0.675–0.987 <.001*
Purkinje cells>1 0.541 0.329–0.753 .692
FCD, Functional capillary density; AUC, area under the curve; CI, confidence interval.
*Statistically significant.
Table E4. Adherent Leukocytes Post CPB as Biomarker of Regional
Damage (n ¼ 32)
Region AUC 95% CI P value
Frontal cortex 0.613 0.344–0.882 .481
Parietal cortex 0.800 0.606–0.994 .042*
Hippocampus 0.601 0.363–0.839 .412
Caudate nucleus 0.587 0.356–0.817 .463
Purkinje cells>1 0.864 0.695–0.999 .002*
CPB, Cardiopulmonary bypass; AUC, area under the curve; CI, confidence interval.
*Statistically significant.
Table E5. TOI as biomarker of regional damage (n ¼ 48)
Region AUC 95% CI P value
Frontal cortex 0.775 0.629–0.919 .002*
Parietal cortex 0.812 0.693–0.931 <.001*
Hippocampus 0.753 0.587–0.919 .006*
Caudate nucleus 0.956 0.900–0.999 <.001*
Purkinje cells>1 0.780 0.640–0.920 <.001*
Regional damage is defined as at least one point on histopathology for frontal and pa-
rietal cortex, hippocampus, and caudate nucleus and two or more points for Purkinje
cells in cerebellum. TOI, Tissue oxygen index; AUC, area under the curve; CI, confi-
dence interval. *Statistically significant.
Evolving Technology/Basic Science Ishibashi et al
1415.e3 The Journal of Thoracic and Cardiovascular Surgery c December 2010
E
T
/B
S
